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� Using polymer capsules filled with
soft magnetic maraging steel particles
as feedstock leads to the
manufacturing of uniform magnetic
filaments for 3D-printing.

� Magnetization of composite filament
is proportional to the mass of
magnetic fillers, where its
demagnetizing factor remains
independent of filler fraction.

� Metallic fillers act as nucleation
centers favoring the formation of a
disordered crystalline phase of
polylactic acid polymer, and advances
thermal degradation.

� The spherical fillers act as ball-
bearings between polymer layers,
reducing the melt viscosity of
composites and leading to the
lowering of printing temperature
with respect to the pure polymer.
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The design of functional composite filaments for fused filament fabrication requires a suitable polymer
composition, functionality of particles, uniform distribution of fillers throughout the filament, and ade-
quate printability. Uniform distribution at predictable concentrations is achieved by designing polymeric
capsules containing the fillers and using them as feedstock for extrusion. Functionality can be inferred
from that of the particles and target concentration. However, suitable conditions for printing strongly
depend on polymer type and characteristics/concentration of fillers. Soft magnetic composite filaments
were produced from polylactic acid (PLA) capsules filled with 30–52 wt. % maraging steel particles.
Composite filaments preserve the soft magnetic character of the fillers. Fillers reduce the transition tem-
peratures of the polymer by � 5 K and have a profound impact on printability. Rheological characteriza-
tion shows that the ‘‘ball bearing effect” of gas-atomized particles reduces the viscosity of the composites
by more than one order of magnitude, decreasing printing temperature from 215 �C to 170 �C, associated
with the lack of agglomeration of particles achieved by the proposed production method. Rheological
experiments allow to detect the required changes in printing conditions without requiring an extensive
and costly trial and error process of printing with a large set of printing parameters.
� 2022 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
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1. Introduction

Additive manufacturing (AM) technologies are progressing
rapidly and becoming a feasible alternative to traditional manufac-
turing processes due to various advantages (reduction of material
waste, freedom of design, accessibility, etc.). However, important
challenges remain, such as lower mechanical resistance of printed
parts [1,2]. Among the different AM techniques, the most extended
method is the fused deposition modeling (FDM), also known as
fused filament fabrication (FFF). In this method, a filament (usually
a thermoplastic) is fused and extruded for deposition in the form of
thin layers, which builds a 3D object. Today, its ease of use has
made it a popular choice, especially for printing parts made up of
the typical polymers, such as PLA, ABS, PC, nylon, etc. However,
parts are produced with relatively low mechanical strength and
lack functional properties, being mainly used for developing struc-
tural models. A current line of interest in AM is the fabrication and
use of composite functional filaments [3,4] as they can incorporate
additional properties (e.g., magnetic [5–8], electrical [9–12], opti-
cal [13,14], etc.) to the FDM final printed parts suitable for 3D
printing actuators, sensors, etc.

There are some commercial and tested composite filaments for
functional applications. However, they are of limited varieties and
compositions. Therefore, in many cases, custom-made composite
filaments have to be manufactured to suit specific requirements.
This implies the additional step of characterizing the prepared fil-
aments as different additives can affect the properties of the poly-
mer matrix in a very different way. On the one hand, mechanical
properties and thermal behavior of composites can be improved
with respect to the pure polymer with some types of reinforcement
fillers, such as glass or carbon fibers [15–18], plasticizers [19], or
polymer blends [20]. However, this is not the case with other types
of additives in the composite filaments, where the filler fraction
above a certain threshold will reduce the thermal stability and
mechanical properties [21].

Regarding magnetic composite filaments, which could be used
in numerous applications [22], the commercial stock is practically
limited to polylactic acid (PLA) filled with � 40 wt. % of iron parti-
cles (Proto-Pasta, produced by ProtoPlant, USA) or BASF Ultrafuse
17–4 PH, with a high load of 17–4 PH martensitic stainless steel
(BASF, The Netherlands). Proto-pasta has been used in recent
works due to its soft magnetic character [23–27] though the char-
acteristics of the fillers are not ideal for functional applications as
the iron particles are with inconsistent sizes and shapes [23,24]
as well as easily rustable.

In a previous work, a procedure for obtaining homogeneous
composite filaments at laboratory scale was presented [8], and
its suitability for the purpose was demonstrated by fabricating fil-
aments composed of PLA and soft magnetic maraging steel parti-
cles. PLA is a biodegradable polymer (under industrial
composting conditions) [28], it is recyclable [29], and can be pro-
duced from starch sources such as potatoes, wheat, or corn. It is
the most used thermoplastic in FDM due to its versatility and ease
of processing. On the other hand, maraging steels are a class of
low-carbon content steels known to exhibit good ductility and high
strength from the precipitation of intermetallic phases. The alloy-
ing of Fe, Ni and Co as main constituents also provides a relevant
ferromagnetic character to these steels. Therefore, maraging steels
are widely used to build high performance components in applica-
tions that require the combination of high strength and magnetic
properties, e.g., high-speed rotors, hysteresis motors, force-
sensors, etc. [30–32].

In this work, a comprehensive characterization of PLA-based
composite filaments with 30, 39 and 52 wt.% of gas-atomized mag-
netic maraging steel particles has been conducted by using
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calorimetry, thermogravimetric analysis, dynamic mechanical
analysis, shear rheology and magnetometry. The magnetic
response of the composites is found to be proportional to the mass
of fillers contained, having the same normalized performance in
terms of a demagnetizing factor that is independent of the loading
fraction. Regarding the processing characteristics of the compos-
ites, the thermal stability and mechanical properties of the PLA
matrix are significantly affected by increasing the fraction of
metallic fillers above 30%, altering the printing conditions of the fil-
ament. However, a good printability can be achieved even in the
case of the highest loading fraction by conveniently modifying
the printing parameters according to the results of the rheological
characterization. Therefore, rheological characterization should be
included in the design process of new printable materials to assess
their printability in a more efficient way.

2. Experimental methods

The starting materials are standard grade PLA pellets (colorFabb
B.V., The Netherlands) and maraging steel powder fabricated by
gas atomization and sieved to 20 lm. X-ray tomography analysis
reveals that the magnetic particle size distribution corresponds
to a log-normal distribution with an average diameter of 6 lm
and a variance of 4 lm, confirming that more than 99.5 % of parti-
cles exhibit diameters below the sieved size of 20 lm. This analysis
also shows that particles have a high sphericity as 75 % of them
exhibit sphericity values within the 0.9 – 1.0 range. More details
about the morphology of the maraging steel particles that have
been used as functional fillers for the composite filaments can be
found in Ref. [8].

The manufacturing process of the composite filaments is sum-
marized in Fig. 1 as follows: a PLA filament was manufactured
using a single-screw desktop extruder NEXT 1.0 ADVANCED
(3devo, The Netherlands) with the pre-installed settings for PLA
standards. This filament was then subsequently used for 3D-
printing PLA capsules and capsule lids (Fig. 1a)) with an Ultimaker
S5 desktop printer (Ultimaker, The Netherlands). The printed PLA
capsules were then filled with the magnetic particles, maraging
steel powder, further sealed by the printed PLA lids for encapsula-
tion (Fig. 1(b)). The sealed magnetic capsules act as the feedstock
for extruding composite filaments with the abovementioned extru-
der (Fig. 1(c)). The described method allowed the development of
homogeneous composite filaments (Fig. 1(d)) as the feedstock
reached the melting and mixing areas of the extruder with con-
stant concentration of the different components.

The functional magnetic properties have been investigated
through magnetic field dependent magnetization measurements
at room temperature using a Lake Shore Cryotronics 7407 vibrating
sample magnetometer (VSM) (LakeShore, USA). Thermal character-
ization of samples from the different filaments was conducted by
means of thermogravimetric analysis (TGA) using a Q600 (TA
Instruments, USA) and by differential scanning calorimetry (DSC)
using a DSC Q20 (TA Instruments, USA). TGA experiments were
performed on samples of around 10 mg from room temperature
up to 500 �C at a sweeping rate of 10 �C min-1 in N2 atmosphere.
DSC measurements were carried out upon heating from room tem-
perature up to 200 �C at 10 �C min�1 in N2 atmosphere with sam-
ples sealed in aluminum pans.

The evolution of the mechanical properties of the filament sam-
ples with temperature were analyzed by dynamic mechanical anal-
ysis (DMA) conducted using an RSA-III Solids Analyzer (TA
Instruments, USA). 5 cm long sections of the filaments were pre-
pared for these measurements, which were clamped in a cantilever
tool in which the support and deformation points were fixed to the
sample. The linear viscoelastic region (LVR) was determined by



Fig. 1. Schematic representation of the fabrication of composite filaments: (a) 3D printing of PLA capsules, (b) filling up the polymeric capsules with functional fillers and
sealing, (c) extrusion of the composite filament from the custom-made feedstock, and (d) an example of the final product that is an extrudable and spoolable composite
filament of PLA and maraging steel particles.

Fig. 2. (a) M(H) loops of the raw magnetic steel powder (open square symbols) and
samples from the three composite filaments (colored lines). (b) M(H) curves
normalized to the mass of magnetic particles. (c) Normalized M(H) curves after
correcting the demagnetizing factor of 1/3 for the samples of composite filaments.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article).
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strain sweep experiments at room temperature. Frequency tests at
room temperature were also performed within the LVR by sweep-
ing the frequency from 0.01 to 20 Hz. Temperature dependent
DMA analyses were conducted in tension mode upon heating from
room temperature at 5 �C min�1 for fixed strain within the LVR
(0.02 %) and frequency (1 Hz).

Viscoelastic characterization of pure PLA and PLA-based com-
posites were also assessed by small amplitude oscillatory shear
(SAOS) measurements with a controlled stress rheometer DHR-3
(TA instruments, USA), using 40 mm parallel-plates configuration
(1 mm gap). For SAOS experiments, pieces of PLA and composites
were melted in a mold of / 40 mm � 1 mm thickness to produce
disc shapes to fit the dimensions of the parallel-plate configuration
of the rheometer. The mechanical spectrum of the different speci-
mens was obtained by sweeping the frequency from 0.05 to
10 rad s�1 at 70 �C (above the glass transition). For the measure-
ments at 70 �C, samples were previously heated near the melting
point to reach a highly rubbery state to adhere well to the sample
holder plates at 70 �C without slipping. Frequency and flow tests
were also conducted for melt samples at 160 �C. These frequency
sweep tests were performed from 0.01 to 100 rad s�1, while for
the steady-state flow curves the rotation speed was swept from
0.01 to 30 rad s�1.
3. Results and discussion

3.1. Functional magnetic properties

The magnetization (M) of the maraging steel powder (the func-
tional filler for the composite filaments) and composite samples as
a function of magnetic field (H) at room temperature are presented
in Fig. 2(a). The powder exhibits soft magnetic character with sat-
uration magnetization at room temperature of 110.5 A m2 kg�1 (for
1.5 T) and a negligible hysteresis of 2.81 mT.
3

Assuming that the measured magnetization of the composite
filaments is exclusively due to the magnetic particles present
within it, the mass fractions of fillers can be indirectly obtained
from the comparison of the saturation magnetization per unit mass
(for 1.5 T) with that of the starting powder. Nominal concentra-
tions of fillers of 5, 8 and 12 vol. % correspond to 26.5, 37.5 and
47.5 wt. %, respectively. A further normalization of the magnetiza-
tion curves of the composite filaments to the calculated filler mass
shows a perfect correspondence among the curves as shown in
Fig. 2(b). When comparing the behavior of the normalized curves
of the composites to that of the raw magnetic powder in Fig. 2
(b), a good match is only observed in the saturation region above



Fig. 3. TGA curves of PLA and of the different PLA/steel composites, indicating the
weight percent of fillers. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article).
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0.75 T. Below that field, the magnetization curves of the composite
samples differ from the steel powder, where those of composites
show a more linear behavior with a significantly lower slope. The
reason for this difference lies in the demagnetizing field. In the pre-
sent case, all the samples correspond to magnetic particles with a
high sphericity that are isotropically packed in a non-magnetic
matrix. For these shapes of powdered magnetic samples, the effec-
tive demagnetizing factor can be approximated as [33]:

N � 1
3
þ f � Ng � 1

3

� �
; ð1Þ

where 1/3 corresponds to the demagnetizing factor of a sphere
(in SI units), f is the packing fraction, and Ng is the demagnetizing
factor of the geometry of the powder container.

In the case of the raw steel powder, � 4 mg was compacted in a
silver capsule of 5 mm diameter at a maximum pressure of � 1
kbar. Its magnetization was measured with the field being applied
parallel to the plane. Hence, this sample has an external shape that
can be approximated without much error to that of a thin disc (i.e.,
a cylinder with a large diameter/length ratio, D/L) with highly
packed particles. In the case of highly packed particles in which
the sample container has a negligible demagnetizing factor, both
terms f � Ng and ð1� f Þ=3 of Eq. (1) are expected to be irrelevant.
A negligible demagnetizing factor for the compacted powder
would agree to the experimental MðHÞ loop as the large slope
observed for low fields (i.e., a large susceptibility due to the applied
field in the linear region) indicates that the demagnetizing field is
not playing a relevant role.

On the other hand, samples of the composite filaments consist
of cylindrical slices of � 3 mm diameter and a comparable length,
in which particles are distributed with a relatively small packing
fraction within the polymer matrix (f is as high as 0.12 for the fil-
ament with the largest filler content). The magnetic field in this
case has also been applied perpendicular to the axis of the cylinder.
Consequently, the use of a demagnetizing factor of 1/3 (spheres) is
a good approximation because the second term f � Ng � 1=3

� �
in

Eq. (1) is expected to be insignificant as f is relatively small. A com-
mon demagnetizing factor for the three different composites
would agree with the normalized M Hð Þ curves in Fig. 2(b), which
show the same slope regardless of the filler fractions. Fig. 2(c)
shows the normalized curves after correcting the demagnetizing
factor of the composite samples, together with the magnetization
curve of the compacted powder. A better agreement with the
response of the steel powder sample is now observed (comparing
Fig. 2(c) and (b)), except for the curvature near saturation (marked
with the arrows in Fig. 2(c)). This could be attributed to the differ-
ent shape anisotropies of the compacted powder and filament
samples as well as some minor changes in the magnetic anisotropy
of the powder particles when subjected to the extrusion process.
Temperatures of � 200 �C reached during the extrusion could also
induce some stress relaxation of the maraging steel powder pre-
sent in composite filaments.

The relatively uniform demagnetizing factor close to 1/3 for
these filler concentrations makes that printed parts would also
show an easily predictable N ¼ 1=3 regardless of the final printed
shape.
3.2. Thermal analysis

3.2.1. Thermogravimetric analysis (TGA)
The TGA results of the thermal degradation of the samples in

the form of weight percent vs. temperature are shown in Fig. 3.
As expected, the pure PLA sample completely degrades above
450 �C in a single step, having very minor remnant (lower than
0.5 wt. %) that can be due to minor fraction of ash. With respect
4

to the samples of the composite filaments, the weight percent of
fillers can be obtained as the remaining mass at the final temper-
ature (fillers are nonvolatile in this temperature range), resulting
in 30, 39 and 52 wt. % for the filaments with nominal 5, 8 and
12 vol. %, respectively. From this point, the composite filaments
will be labeled by the wt. % of fillers obtained from the TGA mea-
surements. The concentrations previously obtained from the mag-
netic measurements are in good agreement with the TGA results,
noting that magnetic measurements underestimate the weight
fraction of fillers by an average value of � 2 %. This can be due to
the presence of oxides or small compositional variations in some
particles, which can give lowered magnetic response. The results
indicate that magnetization measurements can be useful for a
quick investigation of the weight fraction of the magnetic filaments
as this technique can give a good estimate, with the advantage that
the measurements take lesser time and are non-destructive as
compared to TGA investigations.

Apart from obtaining the filler fraction from the remaining
mass upon the degradation of the polymer, TGA results can also
reveal interesting features about the polymer degradation process
associated to the presence of the fillers. It is evident from Fig. 3
that the onset of the mass loss is shifted to lower temperatures
with increasing fraction of fillers. For a more detailed analysis,
the temperature derivative of the weight percent is calculated
and plotted in Fig. 4(a). The derivative curves confirm that the
degradation of PLA occurs in a single step, with peak temperatures,
Tpk, (i.e., the temperature at the maximum rate of mass change)
shifting to lower values with increasing filler content. The shift
of Tpk follows a nonlinear trend with filler content, being more
than 40 �C below that of pure PLA compared to the 30 wt. % com-
posite sample. However, for the composites with 39 and 52 wt. %
of fillers, their Tpk values remain very close to each other. This indi-
cates that the shift of Tpk slows down with the addition of fillers,
becoming almost invariant above a certain filler fraction (the lar-
gest filler fraction in this study). Additionally, it can be noticed that
the shapes of the different peaks in Fig. 4(a) are relatively similar
for all cases, with the only evident differences detected for Tpk

and peak values. A comparison of the kinetics of the degradation
process for all the samples can be performed by normalizing the
peaks using the derivative values at Tpk vs. a rescaled temperature
axis (T-Tpk). The normalized curves are shown in Fig. 4(b), which
verifies that all the peaks overlap. Therefore, this indicates that
the steel particles just affect the temperatures at which the degra-
dation of PLA takes place, with the kinetics of the process, once the
degradation starts, being unaffected by the presence of these
metallic fillers.



Fig. 4. (a) Derivative with respect to temperature of the TGA curves of PLA and the composites. (b) Normalized derivative curves vs. T � Tpk . (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article).
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3.2.2. Differential scanning calorimetry (DSC)
DSC results of the first heating scan of pure PLA and composite

filaments are shown in Fig. 5. To improve the visualization of the
different features of the curves, they have been vertically shifted
to prevent their overlap. For the pure PLA sample, the first
observed features at � 60 �C arise due to the glass transition of
the polymer. This indicates the transformation of the amorphous
polymer from a rigid glassy state to a flexible and rubbery state
due to the increasing molecular motion with temperature. The
usual step in the heat flow baseline observed in a glass transition
(due to a change of the heat capacity) is accompanied by an
endothermic peak that indicates the presence of a relaxation pro-
cess in which the amorphous polymer in a thermodynamically
unstable state passes to a more stable state [34–36]. These obser-
vations at the glass transition temperature of PLA indicate that the
polymer has been rapidly cooled below the glass transition tem-
perature. The subsequent broad positive (exothermic) peak is
attributed to the cold crystallization in which polymer crystals
can be formed as the increased mobility of the molecules allows
their rearrangement. The final endothermic peak is due to the
melting of the polymer. The difference between the enthalpies
related to melting and cold crystallization, DHm and DHcc , respec-
tively (calculated through the integration of the corresponding
heat flow peaks), can be used to estimate the percentage degree
of crystallinity of the polymer, vc:
Fig. 5. Differential scanning calorimetry results upon heating of PLA and composite
samples. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article).

5

vc ¼
DHm � DHcc

wp � DH0
m

� 100; ð2Þ

where wp is the weight fraction of polymer in the sample (rang-

ing from 1 to 0.48 in this work), and DH0
m is the enthalpy of melting

of the pure crystalline polymer [18,37,38]. In this case, the integra-
tion of the melting and cold crystallization peaks gives very similar
values (within the error margin of the measurements) which
implies a negligible vc and confirms that the polymer is mainly
amorphous. This should be ascribed to the extrusion process, in
which the fused filament is quickly cooled and solidified (i.e.,
quenched) after leaving the nozzle of the extruder, avoiding the
formation of crystals.

The composite samples show the same qualitative characteris-
tics, though quantitative differences are detected with respect to
the curve of the pure PLA. The different transition temperatures
(determined as the temperature at the corresponding peaks) are
summarized in Table 1. The glass transition temperature (Tg)
decreases with increasing filler fraction. A total decrease of more
than 5 �C is observed between the Tg of the pure PLA and that of
the composite filament with the highest filler fraction (52 wt. %).

The temperature of the peak corresponding to the cold crystal-
lization (Tcc) of PLA is also affected by the addition of the metallic
particles in a similar way as the Tg , decreasing as the filler concen-
tration increases. In addition, the cold crystallization peak becomes
sharper with increasing filler content. This indicates that the added
metallic particles favor the crystallization of the polymer, acting as
nucleation agents in agreement with literature [18,36,39,40].
Although these metallic fillers seem to promote crystallization of
the polymer at those temperatures, the degree of crystallinity of
PLA in the composite filaments using the fillers-encapsulation
method proposed in [8] is still approximately zero.

Furthermore, the temperature of the peak associated to the
melting of the polymer (Tm) shows the most obvious change with
respect to the pure PLA as it splits into two overlapping but distin-
Table 1
Characteristics of the DSC peaks of the different transitions in samples labeled with
the wt. % of maraging steel obtained from TGA measurements.

Sample Glass transition
Tg(�C)

Cold crystallization
Tcc(�C)

Melting
Tm(�C)

PLA 63.8 118.2 149.6
30 wt. % 61.8 115.0 149.3 – 151.5
39 wt. % 61.3 111.9 147.6 – 153.0
52 wt. % 57.8 111.9 144.4 – 151.4
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guishable peaks with increasing filler fraction. This can be related
to the formation of smaller and disordered crystalline lamellae
during the crystallization of PLA, identified as disordered a0 phase,
which has a lower melting point [36,39,40]. As the dispersed
metallic particles act as nucleation centers, they could induce the
formation of small and disordered crystallites around them, while
larger and more ordered crystals can form in the bulk of polymeric
matrix, giving rise to the observed split of the melting peak.

3.3. Rheological properties of PLA-based filaments

3.3.1. Influence of temperature on the dynamic mechanical properties
DMA tests are useful for characterizing the mechanical proper-

ties of polymeric materials, involving the measuring of the vis-
coelastic moduli at low constant frequency while varying the
sample temperature. Interestingly, not only the mechanical
response was obtained as a function of temperature, but also the
values of glass transition temperature can be analyzed. Fig. 6
shows the response of the viscoelastic moduli (E’ and E’’) and tan
(d) (tan(d) = E’’/E’) for the PLA and PLA-maraging steel filaments,
where a remarkable effect of gas-atomized magnetic maraging
steel particles (30, 39 and 52 wt. %) on the mechanical properties
of the PLA-based filaments is observed. All the mechanical
responses display a rigid glassy region at moderate temperature,
Fig. 6. Elastic (a), viscous (b) moduli, and tan(d) (c) values as a function of
temperature for PLA and composite samples. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article).
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where E’ remains constant (up to � 41 �C). While the pure PLA
sample and the composite with the lowest fraction of particles
(30 wt. %) show a quite similar behavior in this rigid glassy region,
those with the higher particle fractions (i.e., 39 and 52 wt. %) show
significant lower values of E’’, indicating a lower capacity of energy
dissipation. However, this effect became weaker with increasing
temperature, showing a maximum value in E’’.

The glassy region was followed by a transition region, reflected
by a decrease in the viscoelastic moduli as temperature increased
(Fig. 6(a) and 6(b)). A characteristic inflection point attributed to
a Tg can be identified in this region. This glass transition tempera-
ture can also be determined by the maximum peak observed in tan
(d) (Fig. 6(c)). Although all the systems exhibited an overall similar
response, the intensity of the response significantly varied with the
addition of metallic particles. Thus, two different thermal profiles
can be observed. On the one hand, systems without particles or
low particle concentration (up to 30 wt. %) exhibited a quite similar
moderate decrease in E’ and E’’ values after the glass transition
temperature. In contrast, higher particle concentrations (i.e., 39
and 52 wt. %) led to a dramatic drop in the viscoelastic moduli
(particularly in E’). The transition region, which was narrower for
the latter case, gave rise to a broad rubbery plateau region at high
temperatures. The viscoelastic properties at the plateau region also
depended on the particle concentration (e.g., E’ was reduced from
708 ± 25 MPa s for PLA to 3.50 ± 0.32 MPa s for PLA filament con-
taining 52 wt. % particles). Jain et al [41] also found a decrease in
the viscoelastic moduli for polypropylene samples filled with silica
nanoparticles. This effect can be ascribed to a distortion of the
polymer network caused by increasing particle content.

Regarding the tan(d) curves, an evident peak appeared at the
glass transition temperature of the different studied systems. In
accordance with results from DSC, the addition of particles shifted
the glass transition to lower temperatures (from 60 to 49 �C for the
PLA and PLA-52 wt. % particles, respectively). It can be noticed that
the Tg values obtained from tan(d) are lower than those obtained
from DSC profiles, however it should be borne in mind that the
heating rate for DMA tests was half the value of the heating rate
for DSC measurements.

3.3.2. Viscoelastic characterization by shear rheology
The dependence of viscoelastic moduli on angular frequency at

70 �C for PLA and composites samples is shown in Fig. 7 (a), which
helps to analyze the mechanical behavior of the polymer and com-
posite samples much below the melting point. The viscoelastic
response observed for PLA is typical of high molecular weight poly-
mers, covering the shift from the plateau to the rubbery region,
which is related to the crossover point between elastic (G’) and vis-
cous (G’’) moduli. The plateau region, where the elastic modulus
dominates, can be observed at low frequencies, whereas the viscous
modulus dominates at short relaxation time (high frequencies) in
the rubbery zone [42]. This behavior changes depending on the fil-
ler content. The composite with the lowest concentration (30 wt. %)
shows a similar behavior to PLA, where the crossover point is dis-
placed towards higher frequencies, even though the plateau region
seems to undergo a slight shrinkage. Further increase in particle
content leads to progressive changes. Thus, the shrinkage of the pla-
teau region becomes evident for the composite containing 39 wt. %
particles and disappears for the highest content. As a result, G’ does
not become dominant over the whole frequency window for the
composite containing 52 wt. %, which agrees with the low values
previously observed for the temperature ramp tests. The viscoelas-
tic functions have been previously used for analyzing the compati-
bility of polymer blends [43,44]. In this case, the number of
particles in the filled polymers seems to reduce the polymer–poly-
mer interactions, leading to a predominant fluid behavior (for the
sample containing 52 wt. % maraging particles) [45].



Fig. 7. (a) Viscoelastic moduli as a function of the angular frequency (x) at 70 �C for PLA and composite samples. (b) Viscoelastic moduli as a function of angular frequency at
160 �C for PLA and composite samples. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).

Fig. 8. Apparent (g) and complex (A�g*) viscosities obtained for PLA and composite
samples at 160 �C. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article).
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The dependence of viscoelastic moduli on frequency at 160 �C
for PLA and composites samples is shown in Fig. 7 (b), helping to
analyze the microstructures of the melted polymer and composite
samples, where the interactions between particles and polymer–
polymer chains influenced the obtained response. The analysis by
small amplitude oscillatory shear (SAOS) rheology indicates that
both viscoelastic functions exhibit a strong frequency dependence.
The viscous component predominates over the elastic component
for all the samples. This result reflects a typical behavior of the ter-
minal zone of the linear relaxation spectrum and is in agreement
with other results obtained for thermoplastic polymer melts,
where the viscous component is also predominant [46]. It is worth
pointing out the remarkable decrease in the viscoelastic moduli at
the fused state as the particle content increases. These results sug-
gest that the filler addition increases the fluid character of the
melted polymer. Thus, the addition of maraging particles not only
affects the rheological properties of the polymer in the glassy and
rubbery states, but it also affects the flow region above the melting
point, changing the conditions for a proper processability of the
fused composite filaments compared to pure PLA. Therefore, the
polymer molecular microstructure and the flow properties of the
polymer and composite melts were subsequently analyzed by
steady-state flow tests.

A comparison between the complex viscosity (g*) from SAOS
tests and the apparent viscosity (g) from steady-state flow mea-
surements reveals that neither the PLA nor the PLA-based compos-
ites analyzed in this work follow the Cox-Merz rule:

g� xð Þ ¼ g _c ¼ xð Þ; ð3Þ
where _c is the shear rate in the steady-state flow measure-

ments. This is in contrast with the good fitting reported by some
authors for melted PLA [47,48]. However, a modified Cox-Merz rule
can be used for the samples in this study [49]:

g� xð Þ � A ¼ g _c ¼ xð Þ; ð4Þ
where A is a dimensionless parameter that accounts for the

effect of shear forces on the unperturbed microstructure of the
system.

Fig. 8 shows the complex viscosity and the multiplication of the
complex viscosity and parameter A as a function of frequency and
shear rate, respectively. As observed, all the systems follow the
modified Cox-Merz rule (Eq. (4)), using the same value of
A = 0.59 regardless of particle concentration and the type of shear
deformation applied (steady or oscillatory). This figure confirms
the reduction of the rheological properties (also for the apparent
7

viscosity) with increasing particle content. Typically, the flow vis-
cosity of filler-containing polymers increases with filler concentra-
tion [50–52]. However, a reduction in viscosity with the addition of
fillers has also been reported for calcium carbonate in PVC [53] and
glass beads in polycarbonate [54], agreeing with the results
obtained for PLA containing maraging steel particles in this work.
These authors attributed the viscosity decrease to the reduction
of the interlayer interactions of the melt polymer with the spheri-
cal particles, corresponding to the so-called ‘‘ball-bearing” effect,
which is more pronounced with increasing filler content. This
effect was observed not only for high shear capillary viscosity
but also for shear rheology at lower shear rates. Shenoy [55] also
reported this effect in carbon-black polymer textures, being inter-
preted as an internal reduction in friction between the polymer
chains by the spherical particles, which act as ball-bearings for
the adjacent polymeric matrix.

Moreover, these results agree with those obtained from SAOS
measurements. Chang et al. [54] employed the comparison of SAOS
and flow viscosity results to analyze the possible arrangement of
particles through the polymer network. They found a reduction
in the zero-shear viscosity at a volume particle content in the order
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of those used in this study (�10 vol. %). In that case, only weak par-
ticle aggregates were formed and the ball-bearing effect domi-
nates, leading to a reduction in viscosity. An increase in viscosity
driven by particle aggregation was only found to be dominant at
higher particle concentrations (greater than 20 vol. %), which are
far from those studied in this work.

According to these results, it is clear that the particle content is a
factor that notably affects the printability of the composite fila-
ments. In this case, the decrease in viscosity with the addition of fil-
lers agreeswith previousworkwhere itwas necessary to lower both
the temperature for the manufacturing of the filaments and the
printing temperaturewith respect to those of pure PLA. For theman-
ufacturing of the filaments, a drastic reduction of the temperature of
the different heating stages along the extrusion path was necessary
so that the composite filaments do not exit the nozzle in such a fluid
state that prevented them to be spooled. The same applies for their
printing, as the temperature had to be lowered from 215 �C (default
for PLA) to170 �C tobeable toprintwith the composites. Just by low-
ering the extrusion temperature, the composite filaments could be
spooled and used for 3D-printing. The high flowability of melted
composite filaments and the low rate of particle agglomeration
achieved by the adopted filament manufacturing process [8] pre-
vented the usual nozzle clogging. The results from the viscoelastic
experiments suggest that further increase of the particle content
could lead to an increase of the viscosity if the particle agglomera-
tion becomes predominant over the ‘‘ball-bearing” effect, making
the composite approach again to the viscosity of pure PLA. However,
the used particle fractions togetherwith themanufacturingmethod
seem to be a good combination for the fabrication of composite fila-
ments with uniform functional properties as the particle agglomer-
ation is negligible as well as the rheological properties do not
excessively hinder their printability.
4. Conclusions

Through a novel procedure based on the use of filled polymer
capsules as the feedstock for extrusion, composite filaments com-
bining PLA and soft magnetic maraging steel particles (30, 39 and
52 wt. %) were manufactured for the 3D-printing of magnetic func-
tional parts. In this work, the different properties of the filaments
have been systematically studied. Magnetic hysteresis loops con-
firm that the composites preserve the soft magnetic character of
the magnetic powder, with the only difference being the demagne-
tizing factor, which remains constant (�1/3) for the different filler
fractions. Special attention is paid to the factors that might affect
the printability of the filaments and the suitable printing condi-
tions. The metallic fillers significantly affect and shift the different
thermal processes that the polymer undergoes until its final degra-
dation at high temperatures. The results of rheological characteri-
zation of PLA and PLA-based composites directly explain the
reasons for the change in the extrudability and printability of the
composites filaments with respect to pure PLA. The ‘‘ball-bearing
effect” caused by the almost spherical gas atomized particles pro-
duces an abrupt drop of the viscosity of the composite with respect
to that of pure PLA for the same temperature, which requires the
lowering of the extrusion and printing temperatures to achieve
an appropriate viscosity for the processing of the fused filaments.
It is also worth mentioning that the lowered temperature required
for fabrication and printing entails a reduction of the energy costs
associated with the additive manufacturing process.
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